Kale (Brassica oleracea L. var acephala DC) is a leafy green vegetable belonging to the cabbage family (Brassicaceae) that contains a large amount of health-promoting phytochemicals. There are many reports about the effects of kale ingestion on the chemoprevention function and mechanism, but the interactions between kale and drugs have not been researched. We investigated the effects of kale intake on cytochrome P450 (CYP) metabolism by using cocktail probe drugs, including midazolam (for CYP3A4), caffeine (for CYP1A2), dextromethorphan (for CYP2D6), tolbutamide (for CYP2C9), omeprazole (for CYP2C19), and chlorzoxazone (for CYP2E1). Cocktail drugs were administered into rats treated with kale and cabbage (2000 mg/kg) for a week. The results showed that kale intake induced a significant increase in plasma levels and the AUC of midazolam, caffeine, and dextromethorphan. In addition, the plasma concentration and AUC of omeprazole tended to increase. Additionally, no almost differences in the mRNA expression levels of CYP enzymes in the liver were observed. In conclusion, kale ingestion was considered to have an inhibitory effect on the activities of CYP3A4, 1A2, 2D6, and 2C19 for a reason competitive inhibition than inhibitory changes in the mRNA expressions.
Kale (Brassica oleracea L. var acephala DC) is a cruciferous vegetable (Brassicaceae) which has a high nutritional content because it is rich in phytochemicals and contains high concentrations of minerals and vitamins, as well as carotenoid, dietary fiber, and antioxidative compounds, including polyphenols and phenolic acids (5, 10) . Brassicaceae plants contain a high amount of specific phytochemicals known as glucosinolates, a large group of sulfur-containing glucosides. These compounds remain intact unless brought into contact with the enzyme myrosinase by pests, food processing, or chewing. Myrosinase releases glucose and breakdown products, including isothiocyanates (ITCs). There are various kinds of ITCs, phenethyl ITC (cabbage, watercress), benzyl ITC (papaya), allyl ITC (black mustard), and sulforaphane (broccoli), which have pungent components and a strong flavor that stimulates people's appetite. Many researchers have reported that ITCs have an inhibitory effect on cytochrome P450 (CYP) activities (3, 4, 7, 8, 16 ). In our previous study, we clarified that the ingestion of kale had changed the pharmacokinetic profiles of acetaminophen for a reason except its glucuronidation and sulfation (22) . Acetaminophen mainly receives the actions of glucuronidation and sulfation by UDP-glucuronosyltransferases and sulfotransferase, and is excreted in urine. However, it has been known that acetaminophen is metabolized by CYP3A4, 1A2, 2D6 and 2E1 (2, 6, 9, 11, 18) . Thus, CYP enzymes were suggested to be involved in the change of the pharmacokinetic profiles of ac-120, 240, 420, 600 and 1440 min after oral administration of 20 mg/kg midazolam, tolbutamide, omeprazole and chlorzoxazone and 10 mg/kg caffeine and dextromethorphan. The samples were centrifuged immediately at 3000 rpm for 10 min, and stored at −30°C until analysis. The rats were anesthetized with diethyl ether and exsanguinations from the abdominal aorta taken immediately after the last sampling. The liver was then collected and preserved with RNAlater (QIAGEN, Tokyo, Japan).
Determinations of plasma levels of probe drugs. The plasma levels of the above probe drugs were determined by a UPLC/MS/MS system (ACQUITY TQD; Waters, Tokyo, Japan). Fifty μL of plasma with phenacetin at a final concentration of 100 μg/mg were loaded onto a Waters Oasis ® HLB 96 well cartridge (Waters). Finally the samples were eluted by methanol, and UPLC/MS/MS analysis was performed. UPLC was performed using a BEH C18, 2.1 × 50 mm column (Waters) connected with a guard column (ACQUITY BEH C18 VanGuard Pre-column, 1. . The positive ion APCII mass spectra were acquired by flow injection of 10 μL of samples. The samples were desolvated at a capillary temperature of 150°C and vaporizer temperature of 400°C. Capillary voltage was maintained at ± 2.78 V. Desolvation and Cone Gas Flow were set at 900 and 50 L/h, respectively. Quantitation was performed by multiple reaction monitoring (MRM) of the related product ion for each probe drug ( Table 1) .
Determination of mRNA levels of CYP enzymes. Total RNA was prepared from the liver using an RNeasy Mini Kit (QIAGEN). The samples were quantitated by spectrophotometry, and 1 μg of total RNA was used to generate cDNA by reverse transcription using a Prime Script reverse transcription reagent kit (Takara, Ohtsu, Japan) according to the manufacturer's protocol. cDNA synthesized from 50 ng of total RNA was subjected to quantitative real-time polymerase chain reaction with a Light Cycler 480 system (Roche Diagnostics, Tokyo, Japan) using SYBR ® Premix Ex Taq™ II reagent (Takara) according to etaminophen. The aim of this study is to examine the effects of the ingestion of kale or cabbage (CAB), which is also a Brassicaceae plant, on CYP activities and the mRNA expressions of CYP enzymes by using rats. To clarify the effects on CYP enzymes, we used the cocktail probe drugs, which are Food and Drug Administration (FDA)-recommended substrate drugs, midazolam (for CYP3A4), caffeine (for CYP1A2), dextromethorphan (for CYP2D6), tolbutamide (for CYP2C9), omeprazole (for CYP2C19), and chlorzoxazone (for CYP2E1). In addition, the mRNA expressions of the CYP enzymes (cyp3a2, 3a9, 1a2, 2d1, 2d2, 2c11, and 2e1) in rat liver were determined.
MATERIALS AND METHODS

Materials.
Midazolam (Dormicum ® ) was purchased from Astellas Pharma Inc (Tokyo, Japan). Caffeine, dextromethorphan, omeprazole, chlorzoxazone, and phenacetin as an internal standard were obtained from Wako Pure Chemical Industries, Ltd (Tokyo, Japan). Tolbutamide was purchased from Sigma Aldrich Japan (Tokyo, Japan). Freeze-dried Super Aojiru, a Japanese vegetable drink made of kale and formulated with twintose (FANCL Co., Yokohama, Japan), was used as the kale. Cabbage free of agricultural chemicals was obtained from Tohken Co. (Nagoya, Japan), liquidized by a food mixer and freeze-dried.
Animals and ethical considerations. This study was approved by the animal ethics committee of the FANCL Co. Specific pathogen-free male Sprague-Dawley rats were obtained from Japan SLC (Hamamatsu, Japan) at 6 weeks of age (weighing 160-180 g) and acclimatized for a week before the experiment. The animals were randomized and housed two per cage with free access to food and water, and maintained on a 12-h light/dark cycle in strictly controlled conditions of 24 ± 3°C and 55 ± 20% relative humidity.
Animal treatments. The animals were divided into 3 groups (control, kale, and cabbage group; 5-6 rats for each group). For co-treatment, the animals received one oral dose of either 2000 mg/kg kale or cabbage in carboxymethyl cellulose sodium salt solution for 7 days. Nine hours after the last treatment with kale or cabbage, access to the diet was removed and only water provided. Blood samples were collected by heparinized syringes from the jugular vein at 10, 30, 45, 60, 90, 4.07 ± 0.61 and 6.00 ± 0.89 μg/mL for the control and kale group, respectively. Fig. 1b and Table 4 show the concentration-time curves in plasma and the pharmacokinetic parameters of caffeine, respectively. The blood concentration of caffeine tended to increase when cocktail drugs were administered after pretreatment with kale, but not significantly. The blood level at 30 min of dextromethorphan increased significantly by pretreatment with kale ( Fig. 1c and Table 5 ). In addition, the C max and AUC of dextromethorphan were also significantly raised by kale ingestion, 1.5-and 1.4-folds of the vehicle treatment, respectively. The clearance in the kale group inversely decreased compared with the control group. With regard to omeprazole, the blood levels at 30, 60, and 120 min were significantly higher in the kale group than the control group, and at 45 min tended to be higher (P = 0.06, Fig. 1e ). In addition, the AUC of omeprazole tended to be raised by kale ingestion, but not significantly (P = 0.09, Table 7 ). On the other hand, in the cabbage group, no significant differences were observed in the blood level and the pharmacokinetic parameters of midazolam, caffeine, dextromethorphan and omeprazole. The concentration-time curves in plasma and the pharmacokinetic parameters of tolbutamide and chlorzoxazone are shown in Fig. 1d and Table 6 , and Fig. 1f and Table 8 , respectively. Either kale or cabbage ingestion had no effect on the pharmacokinetic profiles of tolbutamide and chlorzoxazone. The mRNA expressions of cyp3a2, 3a9, 1a2, 2d1, 2d2, 2c11, and 2e1 in the liver were determined by real-time PCR (Fig. 2) . The results showed that the the manufacturer's specifications. The primers used for cyp3a2, 3a9, 1a2, 2d1, 2d2, 2c11 and 2e1 are shown in Table 2 . PCR amplification was as follows: an initial step for 2 min at 50°C, then 10 min at 95°C
, followed by 45 cycles at 95°C for 15 s and 60°C for 1 min. B2m was used as a housekeeping gene for data analysis. All mRNA expression levels were normalized to B2m mRNA in the same preparation.
Pharmacokinetic parameters analysis. The peak plasma concentration (C max ) of each probe drug was obtained from the actual data recorded after the oral administration of cocktail drugs. Other pharmacokinetic parameters, half-life (t 1/2 ), the area under the concentration-time curve (AUC), the mean residence time (MRT), clearance, and apparent volume of distribution (Vd) were calculated by moment analysis software (Microsoft, Tokyo, Japan).
Statistical analysis.
Values are presented as the means ± S.E. Differences were considered significant at P < 0.05 for all analyses. The variances of means were tested for homogeneity of distribution by the F-test. When the variances were found to be homogeneously distributed, all values were assessed using Dunnett's test; otherwise, Steel's test was used.
RESULTS
The concentration-time curves of midazolam in plasma after the administration of cocktail probe drugs, with or without 2000 mg/kg kale or cabbage pretreatment, are shown in Fig. 1 . There was a significant difference in the blood midazolam level at 60 min between the control and kale group. Table 3 summarizes the pharmacokinetic parameters. The AUC of midazolam was significantly higher in the kale group than the control group, with levels of between the kale or cabbage and control groups.
DISCUSSION
There are many reports about the effects of the intake of Brassicaceae plants, including kale, on the chemoprevention function and its mechanism (1, 12-14, 17, 19-21) . However, the interactions between kale and drugs have not been researched, and mRNA expression of cyp3a2 was significantly increased by cabbage ingestion, but its value was just 1.05-folds of the vehicle control, and thus the difference was slight. Meanwhile, the mRNA expression of cyp2c11 was significantly decreased with pretreatment with both kale and cabbage, but its values were only 0.96 and 0.95-folds of the vehicle control, respectively. Almost no differences in the mRNA expressions of CYP enzymes were observed we therefore examined these interactions. First, we investigated the effects of kale intake on the glucuronidation and sulfation of acetaminophen (22) . The results showed that kale ingestion changed the pharmacokinetic profiles of acetaminophen, but this change was not due to glucuronidation or sulfation.
It was suggested that CYP enzymes were involved in the change. When we investigated the effects of the ingestion of kale or cabbage on the activities and mRNA expressions of CYP enzymes, we found that the pharmacokinetic profiles of midazolam, caffeine, dextromethorphan, and omeprazole were Each value represents the mean ± S.E. of 5-6 animals. Cocktail probe drugs were administered orally after pre-treatment with 1-week kale or cabbage. C max : the peak plasma concentration, AUC: the area under the concentration-time curve, MRT: the mean residence time, t 1/2 : half-life, Vd: apparent volume of distribution. * The asterisks indicate the values significantly different from the control (P < 0.05). Each value represents the mean ± S.E. of 5-6 animals. Cocktail probe drugs were administered orally after pre-treatment with 1-week kale or cabbage. C max : the peak plasma concentration, AUC: the area under the concentration-time curve, MRT: the mean residence time, t 1/2 : half-life, Vd: apparent volume of distribution. * The asterisks indicate the values significantly different from the control (P < 0.05). Each value represents the mean ± S.E. of 5-6 animals. Cocktail probe drugs were administered orally after pre-treatment with 1-week kale or cabbage. C max : the peak plasma concentration, AUC: the area under the concentration-time curve, MRT: the mean residence time, t 1/2 : half-life, Vd: apparent volume of distribution. * The asterisks indicate the values significantly different from the control (P < 0.05). Each value represents the mean ± S.E. of 5-6 animals. Cocktail probe drugs were administered orally after pre-treatment with 1-week kale or cabbage. C max : the peak plasma concentration, AUC: the area under the concentration-time curve, MRT: the mean residence time, t 1/2 : half-life, Vd: apparent volume of distribution.
Table 4 Pharmacokinetic parameters of caffeine following oral administration of cocktail probe drugs
C max (μg/mL) AUC 0-600 (μg/mL × h) MRT 0-600 (h) t 1/2 (h) Vd (L/kg) Clearance (L/h/kg)
Table 5 Pharmacokinetic parameter of dextromethorphan following oral administration of cocktail probe drugs
C max (ng/mL) AUC 0-420 (ng/mL × h) MRT 0-420 (h) t 1/2 (h) Vd (L/kg) Clearance (L/h/kg)
Table 6 Pharmacokinetic parameters of tolbutamide following oral administration of cocktail probe drugs
pressions of CYP enzymes were observed between the kale and control groups. In conclusion, kale intake had inhibitory effects on the activities of CYP3A4, CYP1A2, CYP2D6, and 2C19 without causing changes in mRNA expressions of CYP enzymes. Along with these inhibitory effects by kale changed when the rats were pre-treated with kale. The blood levels of midazolam, dextromethorphan, and omeprazole were significantly increased and AUC of midazolam, caffeine, dextromethorphan, and omeprazole were also raised by kale ingestion. However, almost no differences in the mRNA ex- Each value represents the mean ± S.E. of 5-6 animals. Cocktail probe drugs were administered orally after pre-treatment with 1-week kale or cabbage. C max : the peak plasma concentration, AUC: the area under the concentration-time curve, MRT: the mean residence time, t 1/2 : half-life, Vd: apparent volume of distribution. ingestion, there are also potential side effects, so people should be sure to take kale and drugs metabolized by CYP enzymes at the same time.
It has been well known that ITCs had inhibitory effects on CYP activities. Nakajima et al. (8) , Skupinska et al. (15) , and Smith et al. (16) showed that SFN and PEITC, which are found at high levels in broccoli and kale, and cabbage and watercress, respectively, strongly inhibited the activities of CYP1A2, 2D6, 2B6, 2C9, and 2C19 in in vitro studies. In addition, Moreno et al. (7) and Goosen et al. (3, 4) reported that benzyl ITC, found at a high level in papaya, had a potent inhibitory effect on CYP2E1 activity in an in vitro study. Although kale has SFN, the kale used in the present study had high levels of PEITC and low levels of SFN. The changes in the pharmacokinetic profiles of midazolam, caffeine, dextromethorphan, and omeprazole by kale intake observed in the present study were suggested to be responsible for the ITCs, while the change of the pharmacokinetics profile of acetaminophen by kale ingestion confirmed in our previous studies was suggested to be due to the inhibitory effects of CYP3A4, 1A2, 2D6, and 2C19. We will conduct further examination to clarify the contents of ITCs in kale and the effects of those ITCs on metabolism by CYP enzymes. Based on the findings in studies by others as well as the present study, people should be cautious about taking kale and drugs metabolized by CYP enzymes. However, AUC of midazolam, caffeine, dextromethorphan, and omeprazole became only 1.3-to 1.7-fold higher following kale intake compared with the vehicle intake, even though the amount of kale administered into rats in this experiment (2000 mg/kg) was 15-fold higher than the typical amount of human intake of kale in a day. From the above mentioned, it is uncertain whether the amount of human intake in a day would influence the activities of these CYP enzymes.
